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Abstract. We have reconstructed the surface water environment of the Arctic Ocean over the last - 50,000 years using 
measurements ofthe organic nitrogen and carbon isotope ratios, carbonate and total organic carbon concentrations (TOC), 
and terrestrial biomarkers (lignin and long-chain n-alkanes) in four multicores. Variations in nitrogen isotope ratios that 
are concordant with T OC and carbonate concentrations (representing foraminifera nd excluding ice-rafted-debris) reflect 
differences in relative nutrient utilization ofphytoplankton in the surface waters. However, (5•5N variations also appear to 
be dependent on the stratification of the water column and therefore potentially track the exchange of nutrients between 
deep and surface waters. Low Last Glacial Maximum (LGM) (5•5N values and higher Holocene values are opposite to 
those recorded in the Southern Ocean. The Arctic Ocean with higher nutrient utilization today compared to the LGM 
therefore acts as a counterpart to the Southern Ocean, although the global impact on carbon dioxide variations compared 
to the Southern Ocean is probably low. 
1. Introduction 
The Arctic Ocean is unique compared to other oceans in 
being an enclosed sea and in having a more or less year round 
sea-ice cover. Since the Arctic Ocean is surrounded by large 
shelf areas, a close interaction between land and ocean takes 
place. Today, for example, 10% of the global river runoff, 
namely, 3300 km 3 yr '• freshwater, is introduced into the Arctic 
Ocean by major rivers, ensuring the maintenance of an-• 200 m 
thick low-salinity layer [Stein, 2000]. This surface water body 
is especially important since its low salinity facilitates sea ice 
formation. 
The permanent sea ice cover strongly influences Earth's 
albedo, the marine ecosystem, and sedimentation. Whereas in 
other oceans nutrient availability in surface water acts as a 
major control on productivity, here variations in sea ice cover 
and therefore light conditions may be even more important. 
The waxing and waning of the sea ice cover as a result of 
changing river inflow has a large impact on the energy budget 
and albedo as well as the temperature and salinity structure of 
the upper water masses [Driscoll and Haug, 1998]. 
Additionally, sea ice works as a transport system for 
sediments that are entrained on the shelves and released over 
the ocean [Wollenburg, 1993; Niirnberg et al., 1994]. 
Although the use oficebreaking research vessels has made it 
possible during the last decade to perform research in the 
permanently ice-covered Arctic Ocean, it still represents a 
region where our knowledge is very scanty. It is important to 
understand the Arctic Ocean system in order to understand its 
Copyright 2001 by the American Geophysical Union 
Paper number 2000PA000503 
0883-8305/01/2000PA000503 $12.00 
role in the global carbon cycle and its influence on global 
climate. In particular, estimates ofthe organic carbon flux with 
respect o the restriction of"high" productivity by the sea ice 
cover are necessary. 
The nitrogen isotopic composition of sedimentary organic 
matter can be used to track nutrient (NO3-) utilization in the 
overlying surface waters [Altabet and Francois, 1994a; 
Francois et al., 1992; Farrell et al., 1995]. The isotope proxy 
is based on the observation that particulate organic matter 
(POM) 6•SN depends on (1) the isotopic composition of the 
nitrogenous ubstrate, which has a 6•SN of 4-6%0 [Voss et al., 
1996; Wu et al., 1997; Sigman et al., 1997, 2000] and (2) 
isotope fractionation that occurs during nitrogen uptake by 
phytoplankton [Wada and Hattori, 1991 ]. In the photic zone, 
there is preferential uptake of •4NO3-by phytoplankton, 
giving rise to photosynthate enriched in the light isotope and 
to a residual dissolved NO3-pool that is correspondingly and 
progressively enriched in •SN. The nitrogen isotopic 
composition of settling organic detritus will vary depending 
on the extent of nutrient utilization (biological uptake relative 
to physical supply), lighter values indicating low relative 
utilization and heavy values indicating a high utilization of 
the nutrient pool. This effect is clearly seen in the equatorial 
Pacific, where the lower latitude surface sediments have low 
•'•N of 4-6%o, whereas the sediments to the north and south of 
the equator have progressively higher b•SN because the 
available nutrient pool is isotopically enriched by the 
progressive drawdown of nitrate [Altabet and Francois, 
1994a; Farrell et al., 1995]. This interpretation is 
complicated in regions of significant subsurface water column 
denitrification, which results in the production of isotopically 
heavy nitrate [Liu and Kaplan, 1989], which ifit is mixed into 
the photic zone, can produce isotopically heavy particulate 
199 
200 SCHUBERT ET AL.' 8 •SN AND 8•3C IN ARCTIC OCEAN SEDIMENTS 
100 ø W 
80 ø W 
60 ø W 











100 ø E 
80 ø E 
60 ø E 
40 ø E 
20 ø W O ø 20 ø E 
Figure 1. Core locations of the four multicorer cores used in this study (Lom.R. , Lomonossov Ridge; M.B., 
Makarov Basin; M.R., Morris Yesup Rise). 
organic matter even in areas of high production and low 
relative nutrient utilization [Pride et al., 1999]. With suitable 
precautions therefore it is possible to interpret variations of 
the sedimentary nitrogen isotope signal with respect to 
changes in either the source of nutrients or relative nutrient 
utilization that occur in connection with surface water 
productivity. Both processes in the Arctic Ocean over the last 
50,000 years are examined in this paper, with respect to other 
proxies of productivity, namely, the total organic carbon 
(TOC) content and accumulation rate, the carbonate 
(foraminiferal content), and the carbon isotopic composition of 
the sedimentary organic matter. 
2. Material and Methods 
Four multicorers (PS2163-1, Gakkel Ridge; PS2170-4, 
Amundsen Basin; PS2178-4, Makarov Basin; and PS2185-4, 
Lomonosov Ridge) recovered during RV Polarstern cruise 
ARCTIC '91 Expedition [Fiitterer, 1992] were selected for 
this study (Figure 1 and Table 1). The cores were cut on board 
into 1 cm slices and either immediately frozen at -30øC or 
stored at 4øC. The lithology of Arctic Ocean sediments is 
dominated by brown to gray to olive silty clays to clayey 
silts; sand is a minor component [Fiitterer, 1992; Stein et al., 
1994b]. 
Total carbon (TC)and total nitrogen were determined on 
ground bulk samples using a Heraeus CHN analyzer. Total 
organic carbon (TOC)was determined on carbonate-free 
subsamples using the same technique. The carbonate content 
was calculated as CaCO3 =(TC-TOC)x8.33. Precision was 
better than q- 1.2%. 
Nitrogen and carbon isotope ratios were determined on the 
bulk and decarbonated samples, respectively. Sediments were 
combusted in an on-line Fisons NA 1500 element analyzer 
Table 1. Core Locations, Water Depths, TOC Accumulation Rates and b•SN Values for Modem and LG 
for the Four Cores 
Station Latitude, 
o N 
PS2163-1 86014.5 ' 
PS2163-1 87035.8 ' 
PS2178-4 88001.3 ' 
PS2185-4 87030.0 ' 
Longitude, WD, AR TOC Mod., AR TOC LG, b • >N Mod., b I •N LG, 
øE m mg cm '2 kyr '] mg cm '2 kyr '1 %0 %0 
59012.9 ' 3040 2.9 < 1.5 5.5 3.6 
60053.7 ' 4083 4.5 1.5 6.2 4.6 
159ø35.1 ' 4008 1.6 0.6 6.0 4.4 
144028.9 ' 1051 2.7 0.6 6.6 4.0 
•TOC, total organic carbon; LG, last glacial' Mod., modem; AR, accumulation rates 
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and the evolved N2 or CO2 was passed to a VG PRISM 
isotope-ratio mass spectrometer in a continuous flow of He. 
Results are reported in the 6 notation, 
6•SN={(•SN/14N)sample/(lSN/14N)standard-1} per mil, relative 
to atmospheric N2 and 813C= {(•3C/12C)sample/ (•3C/•2C)standard-1} per mil, relative to pee dee belemnite 
(PDB). Measurement precision was better than 0.3%0. The 
oxygen isotopic composition of foraminiferal carbonate (10 
specimens of the 125-250 gm fraction of the planktonic N. 
pachyderma per sample) was determined by a Finnigan MAT 
251 mass pectrometer using standard techniques. 
For the determination of lipids, freeze-dried and gently 
ground subsamples (--- 2 g) were extracted by successive 
sonication and centrifugation in methanol, 
methanol:methylene chloride (1:1), and methylene chloride, 
respectively. The extracts were saponified (6% KOH), further 
extracted with hexane, and derivatized with BSTFA (Sigma) 
prior to injection onto a HP1 chromatographic column (50 m 
length, 0.32 mminside diameter, 0.17 •tm film thickness). 
Lignin-derived phenols were determined by gas 
chromatography-flame ionization detection of the 
trimethylsilyl derivatives following CuO oxidation of bulk 
samples under alkaline conditions [Hedges and Ertel, 1982]. 
3. Stratigraphy 
Stratigraphy of the cores is based on a correlation of the 
oxygen isotope Pr.9files as well as accelerator mass 
spectrometry (AMS)'•C dates (Table 2 and Figure 2) [Stein et 
al., 1994a, Norgaard-Pedersen, 1996; Norgaard-Pedersen et 
al., 1998]. Core PS2185-4 was correlated with PS2185-3 
(box-core from the same position), and core PS2178-4 was 
correlated with PS2180-1 (nearby box-core from 87ø37.6'N, 
156ø40.5'E, 4005 m water depth). TOC and carbonate 
concentrations and planktonic foraminifera content were used 
for correlation as well as the foraminiferal oxygen and carbon 
isotope data. With the present age model it is not clear 
whether the lowermost parts of core PS2170 actually reach 
into isotopic stage 4 or only represent he oldest stage 3. Core 
PS2178 with a length of 32 cm might have recovered stage 5 
sediments in the lowermost part since the stage 2/3 boundary 
occurs at 10 cm depth. 
Sedimentation rates in the Arctic Ocean are generally very 
low [Sejrup et al., 1984; Stein et al., 1994a]. During 
Termination I they varied between 0.7 and 0.8 cm/kyr for the 
Gakkel and Lomonosov Ridge's, and the Amundsen Basin; a 
lower rate of 0.4 cm kyr '• was determined for the Makarov 
Basin core. Holocene sedimentation rates are 0.6 and 0.7 cm 
kyr '• for the Makarov Basin and Gakkel Ridge and slightly 
higher (0.9 cm kyr '•) for the Lomonosov Ridge and the 
Amundsen Basin [cf. Stein et al., 1994a]. Overall, 
sedimentation rates in the central Arctic Ocean during specific 
stages appear to be relatively constant; however, glacial 
values are somewhat lower and then increase during the 
transition (Termination I)and into the Holocene [cf. Stein et 
al., 1994a]. 
Table 2. AMS inc Ages for Selected Samples ofCores PS2163-1, PS2170-4, PS2185-4, and PS2180-1 
Depth Age 
cmbsf •4C Reservoir Corrected 
Age Corresponding Depth 
Calendar cmbsf 
PS2163-1 3.5 4750 +80 
PS2163-1 9.5 14490 +140 
PS2163-1 22.5 >41000 
PS2163-1 25.5 >38000 
3620 to 3530 
15410 
PS2170-4 6.5 7190 ñ90 
PS2170-4 13.5 15710 ñ180 
PS2170-4 18.5 36950 ñ900 
PS2170-4 23.5 34150 ñ600 
6000 
16650 
PS2185-3 4.5 5290 ñ60 5720 3.0 b 
PS2185-3 7.5 7975 ñ75 9050 7.0 b 
PS2185-3 11.5 13950 ñ160 16460 12.0 b 
PS2185-3 14.5 23250 ñ230 27350 14.0 b 
PS2185-3 16.5 30380 ñ530 35020 15.0 b 
PS2185-3 19.5 33670 ñ550 38360 18.0 b 
PS2180-1 4.5 6860ñ 130 7666 4.0 c 
PS2180-1 6.5 6.0 c 
PS2180-1 8.5 15830+150 18789 8.0 • 
PS2180-1 12.5 34620ñ800 39303 12.0 • 
PS2180-1 14.5 36950ñ970 41566 13.0 • 
PS2180-1 17.5 14.0 • 
PS2180-1 19.5 17.0 c 
, 
•Core PS2180-1 islocated very close to PS2178-4. Shown are the accelerator mass pectrometry (AMS) 14C and calendar ges as well as the 
corresponding depths of the correlated cores (cmbsf, centimeter below seafloor). 
b Corresponding to core PS2185-4 
c Corresponding to core PS2178-4 
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Figure 2. Oxygen and carbon stable isotope ratios in per mil pee dee blemnite (PDB) of the four multicorer 
cores (WD, water depth; cmbsf, centimeters below seafloor). 
4. Environmental Setting 
The Arctic Ocean is unique among the oceans of the world in 
that 49% of its area is relatively shallow, primarily the wide 
European and Siberian shelves [Johnson, 1990]. Water 
exchange with other oceans today mainly occurs through the 
Fram Strait, with water depths of up to 2600 m, and through 
Barents Sea, which is up to 250 m deep [Rudels et al., 1994; 
Schauer et al., 1995]. The Bering Strait is only 200 m deep 
and plays a minor role in water exchange [Curtin et al., 1990]. 
During the Last Glacial Maximum (LGM), however, the deep 
Fram Strait was the only connection. Two major 
oceanographic current systems dominate the Arctic Ocean: (1) 
the Transpolar Drift, which influences our core positions, 
transports sea ice from the Siberian shelf through the central 
Arctic Ocean to the Fram Strait, and (2) the cyclonic Beaufort 
Gyre in the Amerasian Basin that probably influences only the 
Makarov Basin core. 
Another important feature of the Arctic Ocean is its year- 
round sea ice cover with a strong seasonal variation in 
coverage of the marginal shelf areas. Sea ice cover restricts 
surface productivity owing to low light influx into the surface 
waters. For example, only 0.1% of incident light penetrates 
snow and ice (assuming 8 cm of snow on 3.5 m of sea ice) to 
reach the surface water [Andersen, 1989]. Estimates of primary 
production in the Arctic Ocean are very sparse; in general, 
very low values characterize the central area, the region where 
our cores are located (e.g., 0.09 g C rff 2 day ']) [Wheeler et al., 
1996], whereas much higher values have been obtained in the 
marginal zones, such as the shelves and coastal fjords [Subba 
Rao and Platt, 1984]. Values offSvalbard vary between 0.43 
and 0.89 g C rrf 2 day -• [Heimdal, 1983], whereas in the Fram 
Strait values how a wide range from 0.059 to 1.067 g C rrf 2 
day 'l which strongly correlates with the extent of sea ice cover 
[tfirche et al., 1991]. In this context, today, nutrients are 
severely depleted at polynyas and ice edge regimes [Hirche et 
al., 1991], whereas in the central Arctic Ocean a severe 
seasonal nutrient depletion was not observed in summer 1996 
[Wheeler et al., 1996]. 
Previous investigations have shown a significant influence 
of sea ice on sedimentation in the Arctic Ocean [Reimnitz and 
Kempema, 1987; Reimnitz and Saarso, 1991; Wollenburg, 
1993; Niirnberg et al., 1994]. Large amounts of sediment 
entrained into sea ice on the shallow Arctic shelves, material 
which derives in large part from the Arctic river systems and 
therefore contains high amounts of terrestrial organic material 
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[Aargaard and Carmack, 1989; Stein, 1998] as well as 
organic material that has been produced on the shelves during 
bloom events associated with the receding ice edge are 
transported by surface currents over the Arctic Ocean and 
released during melt processes [Wollenburg, 1993]. An 
additional source of shelf material in the central Arctic is 
density or turbidity currents recorded in sediment sequences 
sampled on the slopes and in the basins [Fiitterer, 1992, 
1994]. 
5. Results 
Pedersen [1996] and Vogt [1997] that a significant 
proportion of the carbonate in the cores from the eastern 
central Arctic Ocean may consist of detrital calcite, magnesian 
calcite, and dolomite that was transported by sea ice and 
glaciers from the surrounding continents. However, in almost 
all cores, biogenic carbonate (mainly planktonic foraminifera) 
forms a significant proportion of the carbonate profile [Stein et 
al., 1992; Schubert, 1995]; only the carbonate peak during 
Termination I in cores PS2178-4 and PS2185 represents 
mainly ice rafted detrital material [Norgaard-Pedersen, 1996; 
Norgaard-Pedersen et al., 1998]. 
The 6•5N values of the multicorers range between 2.8 and 
6.8%0, with very similar values (-6.2%0) at the surface (1-2 cm) 
of the northernmost three cores (PS2170, PS2185, and 
PS2178, Figure 3). Variations in core PS2163-1 from the 
Gakkel Ridge are smaller and range from 3.4 to 6%0' here the 
two surface values are slightly lower (5.7 and 5.4%0) than 
those in the other core tops. All profiles are quite similar in 
that values lie around 3.4 - 5%0 in lower oxygen isotope stage 
(OIS) 3 (the lowermost samples of cores PS2170 and PS2178 
may actually represent OIS 4 but could not be distinguished 
as mentioned above), decreasing to minimal values of 2.8 - 4%0 
in upper OIS 3 and lower OIS 2 and then increasing 
continuously from the upper part of isotope stage 2 to the 
sediment surface. Core PS2170 from the Amundsen Basin 
shows slightly higher nitrogen isotope values at the OIS 2/3 
transition that decline briefly at Termination I and then 
increase steadily to the core surface. The abrupt change in core 
PS2178-4 at 25 cm depth coincides with a similar abrupt 
change in the TOC profile. Carbon isotope ratios of the 
organic matter in the cores range from -20.8 to -23.6%0. The 
lightest value is found in the Gakkel Ridge core (PS2163), 
and the heaviest value occurs in the core from the Lomonosov 
Ridge (PS2185), maybe as a result of lower terrestrial input 
(no turbidity current influence) on the top of the ridge. Values 
are highest at the core tops and decrease down core, increasing 
again below Termination I (PS2170, PS2185, and PS2178) or 
in OIS 3 (PS2163). In general, carbon isotope values follow 
the nitrogen isotope values very closely, with minor 
excursions in the lower part of core PS2185 and the middle 
part of core PS2178 (r 2 = 0.70, PS2163' r 2 = 0.90, PS2178' r 2 
=0.68, PS2170' andr2=0.66, PS2185). TOC concentrations 
range from 0.1 to 0.7%, highest values occurring at the core 
tops (Figure 3). The up core increase in organic carbon starts 
at- 5 cm in cores PS2163 and PS2178 and at- 10 cm in cores 
PS2170 and PS2185. In general, there is a high correlation 
between the organic carbon content and the nitrogen isotope 
ratios in all four cores (r 2 = 0.68, PS2163' r 2 = 0.88, PS2178' 
r 2 = 0.91, and PS2170; r2 = 0.95, PS2185). Stein et al. [ 1994b] 
and Schubert and Stein [ 1997] showed that organic carbon in 
the Arctic Ocean includes relatively large proportions of 
terrestrial organic matter. Sea ice or gravitational transport of 
this material from the shelf areas with high river input (e.g. 
Laptev Sea and Kara Sea shelves), as mentioned above, is 
responsible for this distribution. This has to be taken into 
account when using the organic carbon concentration to 
interpret productivity changes in the Arctic Ocean. However, 
recent data based on isotopic and organic geochemical 
investigations suggest a maximum of 30% contribution of 
terrestrial organic carbon in surface sediments of the central 
Arctic Ocean [Schubert and Calvert, 2001], a contribution 
that is significantly less than previously assumed [Stein et al., 
1994b' Schubert and Stein, 1997]. Carbonate concentrations 
(Figure 3) are generally < 8%; only core PS2185-4 shows 
higher values of up to 14%. It was shown by Norgaard- 
6. Discussion 
It has been shown earlier that nitrogen isotopic values of 
surface sediments in the Arctic Ocean provide information on 
the spatial variations in nutrient utilization in the surface 
water that are linked to changes in productivity [Schubert 
and Calvert, 2001]. Whereas measured nitrate values in the 
surface layer (upper 30 m)[Leif Andersen, University of 
G6teborg, unpublished data, 1997] decrease from the inflow 
into the Arctic Ocean close to Svalbard toward the central 
Arctic Ocean, the 6•5N values of the underlying sediments 
increase along the same path (Figures 4a and 4b). This signal 
has been interpreted as variations in relative nitrate 
utilization in various regions of the Arctic Ocean, i.e., lower 
nutrient utilization at higher nutrient concentrations in the 
south and higher nutrient utilization at lower nutrient 
concentrations in the north [Schubert and Calvert, 2001]. In 
the following discussion we use the information on surface 
sediments to examine the possible reasons for the clear 
temporal changes in sedimentary nitrogen and carbon isotopic 
ratios in Arctic Ocean sediments covering approximately the 
last 50,000 years in terms of variations in nutrient utilization 
and hence production and changes in pCO2 of surface waters. 
Apart from the Makarov core (PS2178), the distinctive feature 
of our core profiles is the apparent parallel variations of the 
nitrogen and carbon isotope ratios. There are several possible 
reasons for this concordance: (1) the isotopic values reflect a 
variable contribution of terrestrial and marine organic material 
to the sediments; (2)nitrogen isotope ratios increase due to 
higher nutrient utilization by the phytoplankton in surface 
waters while the heavier carbon isotopic composition of a 
sample reflects the higher contribution of marine organic 
matter; that is, there was a higher productivity in the surface 
waters; (3)nitrogen isotope ratios in the sediment increase 
owing to higher nutrient utilization of the phytoplankton in 
surface waters, and the organic carbon isotopic composition is 
related to changes in the pCO2 of the surface waters and/or 
other factors (phytoplankton growth rate, species 
composition, and cell surface to volume ratio) that have been 
identified to influence organic carbon isotopic composition 
[Rau et al., 1997; Laws et al., 1995]. 
6.1. Marine Source Signal 
Marine phytoplankton uses mainly nitrate or, in nitrate- 
depleted waters, ammonium as the fixed nitrogen source. 
During the assimilation process the lighter isotope •4N is 
preferentially used over the heavier •5N, which leads to lighter 
615N plankton values compared to the substrate [Wada and 
Hattori, 1978; Mariotti et al., 1981]. If nitrate uptake occurs 
with a constant isotope effect and if the surface ocean receives 
no new nitrate over the course of seasonal nitrate uptake, then 
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Figure 3. Nitrogen and carbon isotope ratios (in per mil) versus air and PDB, respectively, organic carbon 
(TOC), and carbonate concentration (in percent) of the four multicorer cores. 
SCHUBERT ET AL.: 6 •SN AND 6•3C IN ARCTIC OCEAN SEDIMENTS 205 




2.• [',, ,,I .... I,,,,I .... 1,,, [I,, ,,I .... [ .... 
82 83 84 85 86 87 88 89 90 
Latitude 
9 '' ''1 '''' I''' 'l'' ''1' '''1 '''' I'' ''l''''l '' 
8 
ß 
',,,,I .... I,,,,I .... 
82 83 84 85 86 87 88 89 90 
Latitude 
Figure 4. (a) Nitrate concentrations in the upper 30 m water 
column of Arctic surface water plotted against latitude (Leif 
Andersen, University of G6teborg, unpublished ata, 1997). 
(b) The 6•5N values of surface sediments of the central Arctic 
Ocean. Note the strong inverse correlation between nitrate in 
the surface water (Figure 4a) and the 6•5N values of the 
underlying sediments (Figure 4b). Reprinted from DSR I, 48, 
Schubert and Calvert, Nitrogen and carbon isotopic omposition of
marine and terrestrial organic matter in Arctic Ocean sediments: 
implications for nutrient utilization and organic matter composition, 789- 
810, 2000, with permission from Elsevier Science. 
fractionation kinetics [Mariotti et al., 1981]. During 
consumption of the nitrate reservoir the isotopic variation of 
nitrate is then defined by (1), the instantaneously generated 
organic N is defined by (2), and the integrated organic N pool 
is defined by (3): 
(• •'sNO3' = 15 •5NO3'imtial - E { n([NO3']/[NO3'],n,t,al)}, (1) 
615N,nst = • 15NO3' - œ, (2) 
615N,nt = • 15NO3'mittal +E {[NO3']/([NO3']imtial-[NO3'])} 
ln([NO3']/[NO3']tnitial), (3) 
615N values of recent surface s diments vary from 1to 16 %0 as 
measured in the North Atlantic [Altabet and McCarthy, 1985; 
Altabet et al., 1991], the Southern Ocean [Francois et al., 
1992; Altabet and Francois, 1994b], the central [Altabet and 
Francois, 1994b] and eastern [Farrell et al., 1995] equatorial 
Pacific, the Angola Basin [Holmes et al., 1996], and the 
Benguela Current region [Holmes et al., 1998] and in the 
South China Sea [Kienast, 2000]. In these studies most of the 
lowest values (below 4 %0)come from the Southern Ocean 
where nutrients are less depleted. Similar values for this 
region have been measured by Sigman et al. [1999a] on bulk 
organic matter; measured values of diatom-bound organic 
matter are even lower. 
Another source of isotopically light planktonic organic 
matter, mainly in tropical regimes, is nitrogen fixation by 
cyanobacteria [Carpenter, 1983; Carpenter and Romans, 
1991; Capone et al., 1997]. These organisms fractionate 
nitrogen isotopes to a very small extent; 6 lSN values close to 
atmospheric nitrogen (+ 0 %0) therefore result [Carpenter et 
al., 1997]. This process, however, is very unlikely to be 
significant in near-freezing Arctic surface waters. 
We have previously shown that the nitrogen isotopic 
composition of surface sediments becomes progressively 
heavier on a transect from the area north of Svalbard to the 
center of the Arctic Ocean [Schubert and Calvert, 2001]. A 
clear inverse correlation between increasing 6•5N values in 
underlying surface sediments and decreasing nitrate 
concentrations in the surface waters flowing from the Atlantic 
into the Arctic through the Fram Strait and the Barents Sea is 
related to higher nutrient utilization in the central Arctic. In 
the work of Schubert and Calvert an t u (fractionation factor of 
phytoplankton) of 7.2%o was determined from the sedimentary 
isotope data, a value that lies well within the range of 
previously published values of 0.3-23%o [Montoya, 1994] and 
compares well with values of 8%0 and 9%0 from the Weddell 
Sea and the subarctic Pacific, respectively [Biggs et al., 1988; 
Altabet and Francois, 1994b]. However, more recently, a 
nitrate uptake effect in Antarctic waters of 5+1%o has been 
reported from water column data [Sigman et al., 1999b]. This 
is a more direct measure of the link between nitrate utilization 
and nitrogen isotopes compared with estimates based on 
particulate and sedimentary 6'SN; we therefore adopt a value of 
5+1%o for phytoplanktonic nitrate uptake in this paper. 
6.2. Terrestrial Influences 
Land-derived organic material is depleted in 15N since the 
metabolism used by land plants is nitrogen fixation with low 
isotopic fractionation [Miyaka and Wada, 1967] which leads 
to low •tSN values. This is consistent with results reported 
by Wada et al. [1987b], who showed that land plants had 
6'SN values of-1.8 + 0.8%0 (n=7), detrital organic matter in a 
river had values of 2.8 + 0.1%0 (n=3), and soil organic matter 
had values of 4.1 q- 0.4%0 (n=4). The 6•'•N values of POM of an 
upper estuary and lakes in Scotland showed values around 3.7 
q- 1.1%o (n=5) and 1.9 + 1.7%o (n=8), respectively [Thornton 
and McManus, 1994]. Naidu et al. [2000] report •5'5N values 
of Mackenzie River sediment samples ranging between 1.4 and 
2.8 %0. However, 6•5N values (2.8 and 8 %0)on dust particles 
off the west coast of Africa (Gaute Larvik, personal 
communication., 2000), in Africa vegetation (-1-6%o) [Heaton, 
1987], and in various leaves and soils of tropic and temperate 
regions (-10.1-13.3%o) [Martinelli et al., 1999] have been 
measured indicating that there is a wide 6'5N range for 
terrestrial derived organic material. 
Schubert and Calvert [2000] have shown that the terrestrial 
influence in central Arctic Ocean surface sediments might be as 
high as 30% based on estimates of the organic carbon isotopic 
composition and taking the different sources (river input, 
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surface water plankton, ice algae plankton) into account. By 
using different indicators for organic matter composition we 
estimate whether the contribution of terrestrial organic matter 
has been constant over the time period represented in our 
cores and if changes in the contribution of terrestrial organic 
matter have influenced the nitrogen isotopic signal. 
We determined selected biomarker concentrations in PS2170 
to search for information on the relative importance of land- 
derived organic matter in Arctic Oceans sediments. We 
extrapolate these results to all four cores in view of the close 
similarity ofthe down core profiles ofb•SN, b•3C, and TOC. 
Lignin is a unique indicator of organic matter derived from 
terrestrial higher plants [Leo and Barghorn, 1970], and its 
distribution in marine sediments has widely been used to 
reconstruct errestrial influences on sediment deposition [e.g., 
Hedges and Parker, 1976; Prahl et al., 1994]. Lignin 
concentrations •. in three samples of core PS2170 are low and 
relatively constant, ranging between 0.033 and 0.043 m• 100 
mg '• OC (Table 3). A similar value (0.043 mg 100 mg' OC) 
was obtained in core PS2185 in 10.5 cm depth. Although we 
have only a few measurements, these values imply a relatively 
small but constant terrestrial contribution to our core sites 
over glacial-interglacial timescales. 
Long-chain n-alkanes with an odd carbon number 
dominance occur in high concentration in leaf waxes fi'om land 
plants [Eglinton and Hamilton, 1963]. They are not known to 
occur (i.e., with an odd-over-even predominance) in marine 
organisms and therefore are a reliable indicator in 
environmental and palcoenvironmental studies [Reddy et al., 
2000]. They have been widely used as indicators of terrestrial 
organic matter input in sediments [Prahl and Muehlhausen, 
1989; Prahl et al., 1994; Schubert and Stein, 1996, 1997]. 
Long-chain -alkane concentrations of 204-821 gg g-• OC 
(average 430 gg g'• OC, Table 3) were found in core 2170, 
concentrations that are in the range of values measured on the 
Laptev Sea shelf and slope, although there extreme 
concentrations of up to -1400 •g g'• OC occur [Fahl and 
Stein, 1997]. Although the variability of the alkane 
concentrations is rather high, there is a very poor correlation 
with both the carbon isotopic values (r 2 -- 0.10) and the 
nitrogen isotopic values (r 2= 0.25, Figure 5), suggesting that 
changes observed in either nitrogen or carbon isotopes are not 
related to variable contributions of terrestrial organic matter. 
We therefore conclude that although we have a higher input of 
terrestrial organic material and frequent changes thereof (based 
on the n-alkane data) in Arctic Ocean sediments compared to 
other oceans, changes in these contributions have not 
occurred simultaneously with changes in b•SN and bl3C (i.e. 
on a glacial-interglacial timescale). 
This implies that although the transport mechanisms for 
terrestrial organic matter between the last glacial and the 
termination and the Holocene have changed significantly, the 
contribution of terrestrial organic material was rather constant. 
Low sea level and exposed shelves during the LGM hindered 
sediment entrainment by sea ice. On the other hand, during 
this time, rivers cut into the shelves and carried their sediment 
load directly into the deep basin. During the Holocene, on the 
other hand, river sediment load first accumulates on the 
shelves and is then entrained into sea ice and transported into 
the ocean basins. 
6.3. Effects of Diagenesis and Denitrification 
The nitrogen isotopic composition of sedimentary organic 
matter is known to be affected to variable extents by diagenetic 
effects both in the water column and on the seafloor. Possible 
diagenetic alterations have been discussed in detail by 
Altabet and Francois [1994b], Altabet et al. [1999], and 
Table 3. Long-Chain n-Alkane and Lignin Concentrations of Samples 
of Cores PS2170-4 and PS2185-4 
PS2170, C27+C29+C31 C27+C29+C31 •.• 
cm ug kg' l ug g' • OC mg 100mg' l OC 
1.5 1845 275 
2.5 0.046 
3.5 2849 518 
5.5 1438 288 
7.5 2400 471 
8.5 0.046 
9.5 1908 415 
!1.5 2022 506 
13.5 1293 349 
15.5 855 204 
17.5 3037 821 
19.5 1162 352 
21.5 1044 326 
23.5 1655 517 
25.5 1283 377 
26.5 0.033 
27.5 1280 346 
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Figure 5. Correlation between •)13Corg and btSN values with the long-chain -alkane concentrations in core 
PS2170. Correlation factors are 0.10 and 0.25, respectively. 
Kienast [2000]. Whereas in coastal, high sedimentation rate 
settings the isotopic signal generated in the surface waters is 
reliably transferred to and preserved in the sediments, slowly 
accumulating sediments in the Southern Ocean and the 
equatorial Pacific appear to be 4-5%0 enriched in b•SN sinking 
particles [Altabet and Francois, 1994b; Biggs et al., 1988]. 
Since sedimentation rates in the Arctic Ocean are of the same 
order of magnitude as those in the central Pacific and the 
Southern Ocean, it is reasonable to assume asimilar diagenetic 
effect on the sedimentary btSN observed. In the absence of 
sediment trap data fi'om this region, we therefore adopt a 
diagenetic effect of 4-5%o. 
In spite of the relatively large change in b•SN during particle 
settling in the deep equatorial Pacific, Altabet and Francois 
[1994b] found very small changes in the isotopic composition 
of sedimentary organic matter in the uppermost 2 cm of cores, 
although there was a decrease in nitrogen with depth of,-,30%. 
Sigrnan et al. [1999a] found a gradual decrease of nitrogen 
isotope values with decreasing nitrogen content in Southern 
Ocean cores. It appears that the nitrogen isotopic signal, once 
it has been incorporated into the sediment, undergoes fairly 
small changes during burial. In the case of the Arctic Ocean 
sediments, any diagenetic overprint would be accentuated in 
the LGM sediments where nitrogen contents are low. Our 
suggestion that there was a lower nitrate drawdown (see 
below) is therefore conservative. The basin-wide signal of 
changes in nitrogen as well as carbon isotope ratios in the 
cores studied here shows that a diagenetic influence at each of 
the core positions was probably similar. 
Severe enrichments (8-12%o) in sedimentary nitrogen 
isotopic composition have also been observed in regions of 
significant water column denitrification, as observed in some 
continental margin regimes where oxygen minima are 
especially intense [Ganeshram et al., 1995; Altabet et al., 
1999]. Denitrification in the modem well-oxygenated water 
column of the Arctic Ocean is absent and should not have 
affected the sedimentary nitrogen isotopic signal. During the 
LGM an intense sea ice cover might have reduced ventilation 
of the water column; if denitrification occurred, we would 
expect to find higher b•SN values during these times, which are 
not observed. 
6.4. Palaeoceanographic Interpretation of the Isotopic 
Records 
After discussing the different factors that might influence the 
nitrogen isotope record in sediments, we will now try to 
interpret the profiles of nitrogen and carbon isotope ratios as 
well as TOC and carbonate concentration in our cores. As 
mentioned previously, organic carbon values not only reflect 
the presence of marine organic material but also that of 
terrestrial material. However, the biomarker data suggest that 
there is a small and constant terrestrial background signal on 
which the marine signal is superimposed. Apart fi'om the two 
peaks marked ice-rafted debris (IRD) in Figure 3, the carbonate 
fraction of the cores is mainly composed of planktonic 
foraminifera and therefore monitors marine production. We will 
first concentrate on interpreting the profiles fi'om the 
uppermost part ofOIS 3 to the Holocene since here age control 
is supported by AMS 14C dates. Low b•SN values (3-4%o) are 
observed in all four cores in the uppermost part ofOIS 3 and in 
OIS 2; values in PS2170 are slightly higher during this 
period but still lower than at the core top. These values 
coincide with low TOC and low biogenic carbonate 
concentrations. As concluded earlier by Norgaard-Pedersen 
et al. [1998], low sedimentation rates, low planktonic 
productivity, and low IRD contents during OIS 2 and late OIS 
3 indicate a closely packed sea ice cover. This is in good 
agreement with the low nitrogen isotope values during that 
time interval, indicating very low nutrient utilization. During 
this period we deal with a central Arctic Ocean that was 
almost completely covered by sea ice. Production of 
phytoplankton was very low due to low light conditions 
under the ice as indicated by low organic carbon content that 
might represent only the background terrestrial organic 
material. The water column, today represented by a low- 
density surface water layer (50-200 m)separated fi'om deeper 
water layers [Anderson et al., 1994; Rudels et al., 1994], was 
most likely not stratified. The reason for this is that processes 
that are responsible for the low-salinity layer today, like brine 
formation during sea ice formation in winter, sea ice melting, 
and high river input in summer, were much reduced during the 
LGM. The low nitrogen isotope signal in the sediments 
therefore most likely records low stratification of the water 
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column which facilitates exchange with the deepwater nitrate 
source. Assuming the same b•SN deep water value (4.6-4.8%0) 
[Sigman et al., 1999b, 2000] as prevailing today, the sinking 
phytoplankton would have a very light b•SN value due to low 
production in nutrient replete waters (- 0 + 1%o, assuming a
fractionation factor • of 4-5%o during nitrate uptake [Sigman 
et al., 1999a]). During settling through the water column 
diagenesis will give a 4-5%0 overprint [Altabet and Francois, 
1994b], a b•SN value that we actually observe in the cores. 
Rau et al. [1982] showed that the carbon isotope ratios in 
plankton become lighter with increasing latitude in the 
Southern Ocean and in the northern North Atlantic, a signal 
that has been explained by the higher solubility of carbon 
dioxide in colder surface waters. Accordingly, if this trend 
proceeds into the Arctic Ocean, surface water will become 
enriched in carbon dioxide as long as it is in contact with the 
atmosphere, i.e., if no sea ice cover exists. Under low 
phytoplankton production a depletion of carbon dioxide in 
the water column could be excluded, and relatively light 
b•3Corg values like those observed in the cores profiles 
should result. Other work on phytoplankton cultures has 
indicated that processes other than pCO2 (e.g., phytoplankton 
growth rate, species composition, cell surface to volume ratio 
or light) can also affect he carbon isotopic composition of 
planktonic organic matter [Thompson and Calvert, 1994; 
Laws et al., 1995, Rau et al., 1997]. Therefore one could also 
argue that lower growth rates and/or high nutrients as 
prevailing under the ice led to higher fractionation and 
therefore low b•3Corg values. 
Apart from core PS2163, bl3Corg values in the transitional 
period and in Termination I decrease and remain relatively 
constant, especially in cores PS2170 and PS2185. The 
values during this interval are either similarly stable 
(PS2163) or begin to increase at the end of the glacial to the 
Holocene. Increasing TOC and carbonate values are 
characteristic for Termination I. During this time, the major 
deglaciation of the Barents Sea Ice Sheet [cf. Jones and 
Keigwin, 1988; Stein et al., 1994a; Elverhoi et al., 1995] 
occurred, which produced huge amounts of low-salinity 
meltwater floating over the normal ocean water. This water 
layer acted as a cover and caused poor ventilation of the lower 
water mass [Stein et al., 1994a; Norgaard-Pedersen et al., 
1998] as indicated by low b•Ccarbonat e (foraminifera) values. 
Open leads, together with the nutrient-rich meltwater and 
river input, led to a higher production in surface waters as 
recorded by increasing TOC values. At this time, the transport 
mechanism for terrestrial organic matter most likely changed as 
described above from a more density- and turbidity current- 
controlled transport of material brought by rivers directly 
onto the slope during glacial times to transportation of 
terrestrial material entrained on the shelf by sea ice. This is 
confirmed by higher proportions of planktonic foraminifera in
the carbonate fraction due to higher production and also 
higher IRD carbonate related to sea ice and iceberg melting 
[Vogt, 1997; Norgaard-Pedersen et al., 1998]. The decrease 
in b•'•Corg is possibly due to the fact hat he phytoplankton 
now had plenty of nutrients and light, a fact that led to higher 
fractionation in culture studies [U. Riebesell, personal 
communications, 2000]and therefore lower b•3Corg values. 
Following Termination I, b•SN and b•3Corg steadily increase 
to modem values. The parallel increase in TOC and carbonate 
concentrations monitors the establishment of modem 
conditions. Today, we have a well-established low-salinity 
surface layer (50-200 m)in the Arctic Ocean [Anderson et al., 
1994, Rudels et al., 1994]. This layer is well separated from 
the deep water, severely restricting nutrient exchange. 
Therefore, during the summer period, nutrients become 
depleted, forcing the phytoplankton, now in open-water 
regions (polynyas) and ice edges having enough light to 
grow, to utilize most of the nutrient supply. The increase in 
nutrient utilization leads to heavier b•SN values in the nitrate 
pool according to (1), and assuming the same fractionation 
factor of nitrate uptake and diagenetic overprint, this leads to 
heavier b•SN values, as observed in the sediments. In addition 
to open-water phytoplankton production, the increasing 
number of meltwater ponds, known to be very high 
productivity regimes [Gradinger, 1996], contribute to the 
higher overall production [cf. Schubert and Calvert, 2001]. 
This is strongly supported by higher organic carbon contents 
in the sediments (Figure 3). Total organic carbon accumulation 
rates are consistently 2-4 times higher than during the last 
glacial (Table 1). Carbonate in the upper Holocene sections 
consists mainly of planktonic foraminifera nd only minor 
amounts of ice-rafted carbonates [Stein et al., 1992; Vogt, 
1997; Norgaard-Pedersen et al., 1998] supporting the strong 
increase in surface water productivity. The increase in b•3Corg 
resulted from a combination of factors: (1) higher growth rates 
and possibly ower pCO2 which led to higher b•Corg values 
of surface water phytoplankton; (2) higher input of marine 
organic matter with heavier b•3Corg values; and (3) a larger 
influence of under ice algae (thinner ice cover leads to more 
light) and meltwater pond production. Since b•3Corg values of 
ice and meltwater pond phytoplankton are significantly 
heavier than "normal open ocean" plankton values (-15.3 to - 
20.6%0, [Schubert and Calvert, 2001]), the increase in the 
production of these organisms might have the strongest impact 
on the b•3Corg signal of the sediments. 
It is difficult to compare the sections of the cores older than 
the oldest AMS •4C ages obtained in this study. However, 
some conclusions about possible oceanographic onditions 
in the Arctic Ocean prior to OIS 3 can be made on the basis of 
our core records. In core PS2163, •SN and •3Corg values 
similar to those measured in the Holocene are found below 19 
cm depth. We therefore suggest an environment similar to 
modem conditions. An increased amount of planktonic 
foraminifera and the occurrence of C. wuellerstorfi', a species 
which also occurs in the Holocene but is absent in the cold 
intervals [Stein et al., 1994a] supports the enhanced 
productivity. Slightly heavier 8•3Corg values in this interval 
might have resulted from the same factors mentioned above for 
Holocene sediments. 
Core PS2170 shows in the interval 21-27 cm, very light 
b•3Ccarbonate values measured on the planktonic foraminifera 
N. pachyderma and interpreted by Stein et al. [1994a] as a 
huge meltwater event in the surface waters. During this time 
we found the nitrogen and carbon isotope ratios to be 
comparable to that of the Termination I event representing the 
deglaciation of the Barents Sea Ice Sheet [cf. Jones and 
Keigwin, 1988; Stein et al., 1994a; Elverhoi et al., 1995]. 
Low nitrogen isotope ratios show low nutrient utilization in 
the surface waters consistent with low productivity proposed 
by Norgaard-Pedersen et al. [1998] at the Termination I 
interval. At the position of core PS2178 we have a clear shift 
from heavy b•SN values in the lowermost part of the core 
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toward lighter values. These values are comparable to those in 
OIS 2, and we conclude therefore that similar conditions 
during that time prevailed. Further interpretation is not 
appropriate in view of the inadequate age control during this 
time interval. 
In general, according to our results, 81'SN values are higher in 
Holocene sediments than in LGM sediments. This is in sharp 
contrast to the findings of Francois et al. [1992, 1997] who 
found higher LGM 81SN values in sediments of the Southern 
Ocean, implicating higher nutrient utilization at this time, and 
suggested that the Southern Ocean was a major driver in the 
glacial atmospheric CO2 decrease. The Arctic Ocean would 
therefore act as a counterpart to the Southern Ocean during 
glacial as well as interglacial times. However, with very low 
production during glacial times and increased production (but 
also still low)during the Holocene combined with the rather 
small area involved, the influence of the Arctic Ocean on a 
global scale is probably low. 
7. Conclusions 
with the deepwater. Nitrogen isotope ratio variations in 
Arctic Ocean sediments over the last 50,000 years have helped 
us to understand the relationships between surface water 
production, the extent of ice cover, and the exchange of 
nutrients between surface and deep waters. Carbon isotope 
ratio variations seem to be best interpreted as changes in 
surface water pCO2, growth rates of phytoplankton, and 
variations in the input of "heavy" ice algae material. 
Increasing 8•SN and 8•3Corg in the cores during Termination I 
and the Holocene reflect higher nutrient utilization and 
productivity due to a diminishing ice cover and possible 
lower pCO2 and/or higher growth rates. During the LGM, low 
productivity and nutrient utilization in an ice covered ocean 
are monitored by light 81SN values. Lighter carbon isotope 
ratios during these times reflect the relatively high pCO2 in 
the ice-covered surface waters and /or low growth rates. 
However, nutrient concentration, light conditions, or other 
factors influencing the carbon isotopic composition might 
also have played a significant role. 
Nitrogen isotope ratios in Arctic Ocean sediments are useful 
indicators of relative nutrient utilization by phytoplankton in 
surface waters. In comparison with productivity indicators, 
namely, TOC and carbonate concentrations, representing 
foraminiferal content and excluding IRD as well as comparison 
with foraminiferal counts [Norgaard-Pedersen et al., 1998], 
sedimentary nitrogen isotope data appear to be closely linked 
to production changes. Additionally, variations in nitrogen 
isotope ratios seem to be heavily dependent on water column 
stratification and therefore the potential for nutrient exchange 
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